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Using a new phase-contrast microscopy-based method of analysis, sedimentation 
has recently been demonstrated to be the major mass transport mechanism of 
bacteria towards substratum surfaces in a parallel plate flow chamber. Here we 
describe a novel method for enumerating adhesion of fluorescent bacteria in a 
parallel plate flow chamber that allows direct imaging of the bacterial distribution 
along the length of the flow chamber, as caused by sedimentation. Imaging of 
fluorescence was done using macroscopic bio-optical imaging of the entire flow 
chamber, including top and bottom plates as well as of the flowing suspension in 
between. An algorithm is forwarded that allows to separate the fluorescence 
arising from the suspension and bottom plate and at the same time determines 
the single cell fluorescence from which the bacterial distribution over the entire 
bottom plate can be visualized. Enumeration of the numbers of bacteria adhering 
to the center of the glass bottom plate for a fluorescent Staphylococcus aureus 
strain was found to coincide with enumerations using phase-contrast microscopy. 
Moreover, due to the use of macroscopic bio-optical imaging, it was found that 
the number of adhering staphylococci increases linearly with distance from the 
inlet of the flow chamber, which could be explained from a simplified mass 
balance of convection, sedimentation and blocking near the bottom plate of the 









Flow displacement systems have become one of the most widely used methods to 
study microbial adhesion to substratum surfaces as a first step in biofilm 
formation [1-6]. Recently, we demonstrated experimentally that mass transport in 
a parallel plate flow chamber is predominantly governed by sedimentation and 
not by convective-diffusion as mostly assumed [7]. Interestingly, in this study 
deposition rates increased with increasing distance from the entrance of the flow 
chamber, presumably because weakly adhering bacteria are carried along the 
surface by the flow, yielding an increase in bacterial concentration near the 
surface. Unfortunately, microscopic observation of bacterial adhesion to surfaces 
is usually confined to the microscopic field of view and does not encompass the 
distribution of adhering bacteria over an entire plate.  
Here we describe a novel macroscopic method for enumerating adhesion 
of fluorescent bacteria in a parallel plate flow chamber that allows direct imaging 
of the bacterial distribution along the length of the flow chamber. Although 
macroscopic bioluminescence or fluorescence imaging is usually done to monitor 
biological processes in vivo, including microbial presence in tissues and on 
biomaterials implants [8], it also allows to study bacterial adhesion in vitro and on 
a much larger substratum area than can be achieved by microscopic observations. 
Because the method offers bacterial adhesion data along with spatial information, 
the method potentially enables simultaneous observation of bacterial adhesion 
on multiple and potentially on non-transparant samples which is not feasible with 
the microscopic method. The novel method proposed involves three main steps:  
(i) unmixing of the fluorescence signal emitted by adhering bacteria from the 
one of free flowing organisms.  




(ii) determination of single cell fluorescence.  
(iii) conversion of the fluorescence radiance to the number of adhering 
bacteria. 
The newly proposed, macroscopic method of enumerating fluorescent 
bacteria adhering in a parallel plate flow chamber will be compared with 
enumerations obtained using phase-contrast microscopy. With the validity of the 
macroscopic method demonstrated, we were able to derive a direct influence of 
sedimentation on the distribution of bacteria adhering to the bottom plate of the 
flow chamber.  
MATERIALS AND METHODS 
Bacterial strain and growth conditions  
To generate GFP expressing bacteria, pMV158GFP containing optimized GFP 
under control of the MalP promotor [10] was introduced into Staphylococcus 
aureus ATCC 12600 by electroporation [11]. Briefly, first S. aureus RN4220 was 
transformed with pMV158 GFP and transformants were selected on Tryptone 
Soya Broth (TSB) (OXOID, Basingstoke, England) containing 1.5% agar and 10 µg cm-3 
tetracycline. The plasmid was isolated using the Qiagen Midiprep kit according to 
the instructions with cell lysis mediated by lysostaphin (Sigma-Aldrich, St. Louis, 
Missouri, USA) and introduced into S. aureus ATCC 12600. Transformants were 
selected on tetracycline containing TSB plates and checked for fluorescence using 
fluorescence microscopy with the appropriate filter sets. Fluorescence assisted 
cell sorting (FACS) indicated that more than 95% of bacteria were fluorescent 
after overnight growth in TSB with tetracycline. The fluorescence of S. aureus 




ATCC 12600 pMV158 GFP (S. aureus ATCC 12600GFP) suspended in PBS (5 mM 
K2HPO4, 5 mM KH2PO4, 0.15 M NaCl, pH 7.0) was stable over time and decreased 
only 5% over a 13 h time-span. S. aureus ATCC 12600 was physico-chemically 
characterized previously [12]. 
S. aureus ATCC 12600GFP was routinely cultured aerobically at 37°C on a 
blood agar plate containing tetracycline. One colony was used to inoculate 10 cm3 
TSB with tetracycline and this preculture was grown statically for 24 h at 37°C. The 
preculture was diluted 1:20 in 200 cm3 TSB and grown statically for 16 h at 37°C. 
Cultures were harvested by centrifugation (Beckman J2-MC centrifuge, Beckman 
Coulter, Inc. Brea, CA, USA) for 5 min at 4000 g in a JA14 rotor and the bacteria 
were resuspended in 10 cm3 PBS. Centrifugation was done twice in order to 
remove all traces of growth medium. To break staphylococcal aggregates, 
sonication at 30 W (Vibra Cell Model 375, Sonics and Materials Inc., Danbury, CT, 
USA) was applied (3 times 10 s), while cooling in an ice/water bath. Staphylococci 
were resuspended in PBS to a density, c0, of 3  10
8 cm-3 as determined in a 
Bürker-Türk counting chamber.  
Parallel plate flow chamber and substratum surface   
All experiments were performed in a parallel plate flow chamber (PPFC) (17.5  
1.7  0.058 cm). The top and bottom glass plates of the chamber were placed in 
the middle of a stainless steel frame (17.5 x 4 cm) and separated by a Teflon spac-
er creating a flat channel with a length, l, of 17.5 cm, a height, 2b, of 0.058 cm and 
a width, w, of 1.70 cm and a gradually diverging and converging (62 degrees) inlet 
and outlet region [5]. The glass plates (Menzel-Glaser, Menzel GmbH & Co KG, 
Germany) (7.6  2.6  0.1 cm) were sonicated for 3 min in 2% RBS35 (Omnilabo 




International BV, Breda, The Netherlands) followed by thorough rinsing with tap 
water, demineralized water, methanol, tap water and finally demineralized water 
again to obtain a hydrophilic surface with a zero degrees water contact angle. Pri-
or to use, the flow chamber was washed with 2% Extran (Merck, Germany) and 
rinsed thoroughly with tap water and demineralized water. 
Fluorescence imaging  
For fluorescence imaging, the entire flow chamber was placed inside the bio-
optical imaging system (IVIS Lumina II, Caliper LifeScience, Hopkinton, MA, USA) 
and kept at 20C. The flow chamber was placed on the sample stage with a field 
of view of 7.5 x 7.5 cm. The excitation wavelength for detection of GFP staphylo-
cocci was 465 nm, while a broad band emission filter was used allowing fluores-
cence emission to be measured from 515-575 nm. Fluorescence images were dis-
played on a pseudocolor scale that was overlaid on a gray-scale image to generate 
a two-dimensional picture of the distribution of fluorescent bacteria in the flow 
chamber. Average fluorescence radiances, R (p s-1 cm-2 sr-1) over a user-defined 
region of interest (ROI) were determined for each image with the Living Image 
software package 3.1 (Caliper LifeScience) which transforms electron counts on 
the CCD camera to an average fluorescence radiance, taking into account the cur-
rent optical parameters (area of the ROI, magnification, binning, diaphragm, ex-








Flow experiments and perfusion sequence  
All flow experiments, including microscopic enumeration of adhering staphylococ-
ci using phase-contrast microscopy, were carried out at a flow rate of 5 cm3 min-1 
(corresponding to a wall shear rate of 84 s-1). As a first step, PBS was perfused 
through the flow chamber for 5 min, followed by recirculation of a staphylococcal 
suspension for 150 min. After 150 min of recirculating the chamber with the 
staphylococcal suspension, the chamber was perfused for 20 min with cell-free 
PBS in order to remove all planktonic bacteria from the system and to determine 
the contribution of staphylococci in suspension to the observed fluorescence. Af-
ter 20 min, a suspension of fluorescent staphylococci was allowed to re-perfuse 
the chamber in order to evaluate possible desorption during perfusion with PBS. A 
sequence of fluorescence images, with a 1 min time interval, was obtained during 
5 s exposure time for each image during the entire duration of the experiment.  
Fig. 1 presents an example of the fluorescence radiance during this perfusion se-
quence.  
Enumeration of fluorescent bacteria adhering on glass 
Neglecting staphylococcal adhesion to the top plate [7], the average fluorescence 
radiance from the adhering staphylococci, Ra(t),
 can be expressed as (see also Fig. 1) 
s0a RRR(t)(t)R                                                            (1) 
in which R(t) denotes the average fluorescence radiance emitted from the ROI in 
the fluorescence image captured, t is the perfusion time with bacterial suspension, 
R0 the average radiance measured during the initial flow with cell-free PBS buffer, 




and Rs the radiance of the free flowing suspension, which is equal to the decrease 

































































Figure 1. Average fluorescence radiance of S. aureus ATCC 12600
GFP
 as a function of 
time from a flowing suspension in a parallel plate flow chamber with a glass bottom 
plate. Note that after 150 min, the bacterial suspension in the chamber was 
replaced with cell-free PBS to obtain the fluorescence radiance of adhering 
staphylococci, after which the chamber was filled again with a fluorescent 
staphylococcal suspension. The inserts represent the macroscopic fluorescence 
images of the flow chamber at different time points on a pseudocolor scale 
indicated at the right hand axis. 
Subsequently, the fluorescent flux from a single bacterium, b (p s
-1), can 
be easily determined from Rs and the number of bacteria in the suspension vol-
ume imaged according to 
2b)/(cR4πφ 0sb                    (2) 
Finally, the number of fluorescent staphylococci adhering per unit sub-
stratum area follows from 




 ba(t)/φR4πn(t)                                          (3)  
Microscopic validation of macroscopic bacterial enumeration using 
fluorescence imaging 
In order to compare macroscopic enumeration of bacterial adhesion using fluo-
rescence imaging with microscopic enumeration, the number of adhering bacteria 
determined using fluorescence imaging with an ROI dimension of 0.1  1.0 cm at a 
position of 8.2 cm from the inlet of the flow chamber (i.e. the middle of the bot-
tom plate) was compared with phase-contrast microscopic [7] evaluation of ad-
hering bacteria at the same position. The comparisons were conducted in fivefold 
with separately cultured fluorescent staphylococci.  
Evaluation of the distribution of adhering bacteria 
The distribution of adhering bacteria was further evaluated by taking full images 
over the entire plate with an ROI of 5.9  1.3 cm at the end of a deposition 
experiment, while accounting for the fluorescence developing from bacteria in 
suspension. In addition fluorescence radiance scans were made along the 
direction of flow over 0.2 cm sections (corresponding with 7 pixels), covering 1.44 
cm of the width of the substratum (corresponding with 50 pixels). In order to 
correct for the fluorescence from the flowing suspension and non-uniform 
excitation light distribution, the numbers of adhering bacteria at each position 
were separately evaluated according to Eq. 3 along the line scans. 
 
 





Validation of bacterial enumeration using macroscopic fluorescence 
imaging  
The fluorescence radiance as a function of time during the perfusion sequence 
applied for bacterial enumeration using macroscopic fluorescence imaging is 
shown in Fig. 1. Clearly, in addition to the contribution from the bacteria 
deposited at the bottom plate, the bacteria in the suspension itself constitute a 
major part of the fluorescence radiance observed during deposition. As a result 
the fluorescence from the bacterial suspension decreases quickly during perfusion 
with cell-free buffer. Note that the decrease in fluorescence radiance after 
flushing with buffer could be reproducibly regained by perfusion with a bacterial 
suspension again, indicating that only negligible desorption took place during that 
period. Next, the fluorescent flux, b, from single bacteria could be calculated on 
basis of Eq. 2 to be 7.7  2.0 p s-1 per bacterium and the number of adhering 
bacteria on glass is now easily calculated from the fluorescence radiance, Ra(t), 
according to Eqs. 1 and 3. This enabled the comparison of the staphylococcal 
adhesion kinetics as derived from macroscopic fluorescence imaging with results 
obtained using phase-contrast microscopy at the same position on the bottom 
plate. Both methods show good correspondence (see Fig. 2), while it is noticed 
that standard deviations in macroscopic enumeration are slightly smaller than in 
microscopic enumeration. Because of the correspondence between both methods, 
photo bleaching of GFP molecules do probably not affect the measurements. This 
was confirmed by fluorescence imaging of a stagnant suspension of S. aureus 
ATCC 12600GFP during 150 min under identical conditions as in the flow 
experiments, revealing no change in the fluorescence flux (data not shown) during 
time.   
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Adhering bacteria (106 cm-2, microscopic observations)
 
Figure 2. The number of adhering S. aureus ATCC 12600
GFP
 on glass, enumerated by 
macroscopic fluorescence imaging, as a function of the number of staphylococci 
enumerated using phase-contrast microscopy. Bars indicate the standard devia-
tions over five measurements with separately cultured staphylococci. 
Distribution of adhering bacteria  
Fig. 3 shows the distribution of adhering bacteria over the entire bottom plate of 
the flow chamber. Each point in the graph represents the number of adhering 
bacteria per cm2 around that location. Peaks in the graph indicate more densely 
populated spots at the surface. Line scans over the length of the chamber in the 
direction of flow, taken at consecutive times during deposition (Fig. 4a) indicate 
that the number of adhering bacteria increases with increasing distance from the 
inlet of the chamber. In addition, this increase becomes more pronounced over 




time. Finally, Fig. 4b presents the number of adhering bacteria as a function of 







































































Figure 3. Two dimensional distribution of the number of adhering S. aureus ATCC 
12600
GFP
  per cm
2
 over the bottom glass substratum after 2 h of deposition in a 
parallel plate flow chamber.   
 
Table 1. Values of parameters used in Eqs. 5-7. vf was calculated on basis of the vol-




) in the chamber [5], c0 was the experimentally determined 
bacterial concentration in the suspension. Other parameters were fitted to mini-
mize the difference between calculated and experimental data.  
 
 Calculated or experimentally 
determined parameters 
Fitted parameters 
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Figure 4. (a) Line scans indicating the number of adhering S. aureus ATCC 12600
GFP
 
on the glass bottom plate of a parallel plate flow chamber as a function of distance 
from the inlet after different time intervals (data drawn from one single 
experiment) and number of adhering bacteria as a function of time. (b) Line scans 
indicating the number of adhering S. aureus ATCC 12600
GFP
 on the glass bottom 
plate of a parallel plate flow chamber as a function of time in three different sec-
tions at the indicated distances from the chamber inlet (average of triplicate runs ± 
SD over triplicate experiments). Solid lines in Figs. 4a and 4b represent data fits 
according to the sedimentation model presented, i.e. Eqs. 4-8 with parameters 
given in Table 1. 
 





The study of microbial adhesion to surfaces requires dedicated tooling. 
Microscopic observation of bacterial deposition in flow displacement systems has 
become extremely popular over the past decades, but prevents observation of 
bacterial distributions over larger substratum areas than the microscopic field of 
view, being in the range of 10-4 - 10-2 mm2. In order to observe bacterial 
distribution over large substratum areas and the effects of sedimentation on it, a 
novel, macroscopic fluorescence imaging method is presented. Although the 
method proposed does not distinguish individual bacteria, it enables to quantify 
numbers of fluorescent microorganisms adhering over a large substratum area of 
about 0.2 - 1000 mm2 on the basis of the amount of emitted light. Macroscopic 
fluorescence imaging to enumerate adhering bacteria in a parallel plate flow 
chamber was validated against phase-contrast microscopic enumeration, 
considered the golden standard for these purposes. Macroscopic and microscopic 
enumerations coincided well, but the major advantage of invoking larger 
substratum areas is the significantly smaller standard deviation in the data (see 
Fig. 2), likely because effects of local surface heterogeneities (see Fig. 3) in the 
substratum surface are averaged out. The necessity of using fluorescent bacterial 
strains might be interpreted as a drawback of the method, but nowadays the 
number of fluorescent strains available as well as the ease with which they can be 
fabricated are such, that we do not consider this a true drawback. It should be 
mentioned however that the bacterial characteristics relevant for adhesion might 
change during GFP expression. This change might be responsible for the 
significant higher deposition rate observed in this study (2.5 x 103 cm-2 s-1 ) as 




compared to the deposition rate observed in part I of this paper [7] carried out 
with the non fluorescent S. aureus ATCC 12600 strain under the same flow 
conditions.  
Due to its macroscopic nature, the method is suitable to directly reveal 
sedimentation effects, as e. g. increasing numbers of adhering bacteria in the 
downstream direction of a parallel plate flow chamber, reported earlier [7]. Fig. 
4a shows that the number of adhering bacteria appears to increase linearly with 
increasing distance from the inlet of the flow chamber. In order to understand this, 
the mass transport towards the bottom plate of the flow chamber can be 
formulated as a simplified mass balance, only accounting for sedimentation, 







    (4)  
in which c(x) (cm-3) is the bacterial concentration within a narrow region near to 
the substratum with height h (cm) above the bottom plate and defined as a 
function of x, the distance from the inlet. vs (cm s
-1) is the sedimentation velocity, 
vf (h) (cm s
-1) the Poiseuille flow velocity in the x-direction at a height h and  the 
dimensionless deposition efficiency [7] defined as the fraction of the 
sedimentation rate, c(x)vs, yielding successful adhesion to the substratum surface 
and Φ(  ), representing the percentage of the surface area available for 
deposition as a function of the surface coverage  as averaged over the area of 
the bottom plate. Φ(Θ) can be expanded in a power series of Θ [13-16] according to 
)3221 O(ΘΘCΘC1Φ(Θ)      (5) 




The blocking parameters C1 and C2 in Eq. 5 are dependent on the flow near the 
adsorption area and the balance between diffusion and sedimentation, as the 
prevailing mass transport mechanism towards the substratum. It is assumed that 
the bulk concentration c(x), within the region h is invariant in the direction 
perpendicular to the bottom plate and equals the original bulk concentration, c0 at 















0       (6) 
which behaves as a linear function of x for small values of the argument in the 
exponential, as earlier been described by Munn et al. [17]. Because the 
sedimentation rate, c(x)vs, is directly related to c(x), the numbers of adhering 
bacteria should follow the nearly linear x-dependency of the concentration as 
given by Eq. 5 which is in line with our present results in Fig. 4a.   
Although the deposition rate is decreasing with time to reach a stationary 
state after approximately 150 min, regardless of the distance from the entrance 
(see Fig. 4b), the number of adhering bacteria downstream is increasing more 
rapidly and reaches higher values than at upstream positions. Because the 
concentration of bacteria near the surface according to Eq. 5, is higher 
downstream than at upstream positions, Fig. 4b implies that stationary state 
numbers of adhering bacteria are dependent on the bacterial concentration near 
the surface. Hence, stationary state numbers may be assumed to be due not only 
to effective surface blocking as described by Φ(Θ) , but also to a balance between 
bacterial deposition and desorption, which is probably largely due to 
hydrodynamic scattering and not to thermodynamic desorption due to the finite 




depth of the interaction minimum. The total number of adhering bacteria per unit 










b     (8) 
with β (s-1) is the desorption rate and db the bacterial diameter. Eq. 7 can be 
solved by inserting Eq. 6 into Eq. 7, provided the values of Ci, α, β, vs and h are 
fitted against the experimental data for n(x) and t. The best fits for these 
parameters are summarized in Table 1. This theoretical approach appeared to fit 
well with the experimental results although the distance, x, from the entrance of 
the chamber and the time, t, with respect to the start of the experiment had to be 
shifted slightly relative to the experimental values (by 0.3 cm and 5 min, 
respectively). This can only be explained, when it is assumed that sedimentation 
already starts in the inlet tube, meaning that the position of x = 0 can not be 
defined a priori from the design of the flow chamber. In addition, flow and 
concentration profiles in the chamber are not stationary from the onset and may 
only settle after several minutes.  
The value derived by the fitting process for the sedimentation velocity vs 
(216 μm h-1) is in the same range as previously found (264 μm h-1) [7]. The value 
obtained for the dimensionless deposition efficiency  (0.73), however is higher 
than previously found (0.5), presumably because the experimentally observed 
deposition rate (2.5 x 103 cm-2 s-1) is 60% higher than reported in the previous 




study, which was carried out with a non-fluorescent S. aureus strain (S. aureus 
ATCC 12600). The value of the desorption rate found indicates that desorption is 
considerable during the experiment, despite the fact that no desorption was 
observed after flushing with buffer at the end of the experiment (see Fig. 1), 
attesting to the influence of hydrodynamic scattering on desorption and the 
minor role played by thermodynamic desorption processes. These observations 
are in line with previous experiments described by Meinders and Busscher [18], 
who found that desorption rates decreased by 50% when flowing with only buffer, 
therewith attributing the desorption observed during flow with a bacterial 
suspension to hydrodynamic scattering. In addition they observed that desorption 
rates of adhering bacteria decreased as a function of their residence-time on the 
surface (“bond-aging”) and argued that at the end of an experiment desorption 
rates reflect the behavior of the most strongly adhering bacteria. 
The fitted values of the blocking parameters C1 and C2 are relatively low in 
comparison with blocking parameters observed in case of polystyrene particle 
deposition from flowing suspensions [15, 16], for which the leading term C1 
exceeded 4 even at very low shear rates. The low Ci values found in our study 
indicate that the low bacterial coverage reached at the end of the experiment 
(around 10%) is due to desorption and not to blocking. Interestingly, when in the 
current model, C1 is fixed to values up to 2, we obtain similar results for the 
sedimentation velocity and deposition efficiency. However, the low values of our 
Ci parameters are comparable with values predicted by Adamczyk et al. [14] for 
sedimentation-controlled particle deposition in the complete absence of 
desorption and flow. This supports our earlier conclusion that sedimentation is 
the dominant mass transport mechanism in a parallel plate flow chamber [7]. 




A paradoxal consequence of the described mass transport mechanism is 
that an increase of the deposition efficiency,, may result in a lower bacterial 
concentration in the downstream region according to Eq. 5 and concurrently with 
a decrease of bacterial deposition. This indicates that assessing the distributions 
of adhering bacteria is necessary in order to prevent potential mis-interpretation 
of deposition data due to effects of sedimentation. 
CONCLUSION 
The effect of sedimentation on the distribution of adhering bacteria in a parallel 
plate flow chamber was observed using a novel, macroscopic fluorescence 
imaging method. Enumerations of fluorescent staphylococci adhering to the 
bottom plate of a parallel plate flow chamber coincided well with microscopic 
enumerations, and had slightly lower standard deviations due to the macroscopic 
nature of the new method. Uniquely, the newly proposed method can be 
employed to quantify the distribution of adhering bacteria on the bottom plate 
real-time from data within one single image. Therewith the method offers a new 
way of evaluating bacterial deposition by enabling a simultaneous assessment of 
the deposition efficiency and the sedimentation rate. 
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